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ABSTRACT  Incubation  of  blood  from  deoxycorticosterone-treated,  adrenal-
ectomized  dogs  with glucose,  22NaCl,  and cortisol,  added in  vitro, revealed  log
dose-related  acceleration  of sodium influx, of glucose utilization, and of lactate
formation by cortisol in concentrations between  150 and  1000  ug/liter. Addition
of  2-deoxyglucose,  or preincubation  of  the  blood  until  blood  glucose  concen-
tration had fallen below  2.0 mg per  100 ml,  reduced  or abolished the accelera-
tory  action of added  cortisol on sodium influx  but had no  effect on sodium in-
flux  in  the  absence  of  added  cortisol.  Cortisol  did  not  change  the  ATP  or
ATPase  content  of erythrocytes,  or  the metabolism  of glucose  via  the  pentose
phosphate  pathway,  or  the  rate  of efflux  of "Na  from  the  erythrocytes.  The
acceleratory actions of cortisol on sodium influx,  glucose utilization,  and lactate
formation  were  significantly  correlated.  Cortisol  (1000  jug/liter)  enhanced
sodium influx  by  approximately  8.7 mmole  per  liter  erythrocytes  per hour for
each  1 mmole  cortisol-induced  increment  in ATP production.  It is  concluded
that  sodium  influx  in  canine  erythrocytes  comprises  a  passive  component,
unchanged  by  cellular  metabolism,  and  a  second  component  which  is  accel-
erated  and  inhibited  in  proportion  to  prevailing  plasma  concentrations  of
cortisol  and  aldosterone,  and  which  (for  cortisol)  depends  upon  accelerated
ATP  production  via  glycolysis.  These  steroid  actions  probably  result  from
effects  on enzyme activity rather than on new enzyme induction.
Previous  observations  have  shown  that  aldosterone  has  a  dose-related  in-
hibitory  effect  on  Na  influx  into  the  erythrocytes  of adrenalectomized  dogs
in  vitro  (1).  Since  this  action  of aldosterone  was  evident  at  physiological
concentrations  of  the  steroid,  it  is  possible  that  aldosterone  may  play  an
important  role in the control of erythrocyte  Na content  in dogs. Aldosterone
and cortisol  are the two predominant adrenal  corticoids in a large number of
vertebrate  species,  and,  at  least  in  some  tissues,  may  have opposite  or mu-
tually antagonistic  effects  on  the  movements  of Na  at  cellular  membranes
(2). For this reason,  the possibility that cortisol  might influence Na ion move-
ments in canine erythrocytes has been explored in the present studies.  Cortisol
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has been found to have effects opposite to those of aldosterone,  a dose-related
acceleration  of  Na  influx  resulting  from  concentrations  of  cortisol  between
150  and  1000  g/liter  (0.4-2.7  X  10- 6 M).  This  action of cortisol  has been
correlated  with  an  acceleration  of glycolysis  and  an  increased  utilization  of
ATP by the cells.
METHODS
Experimental Animals
Eight  bilaterally  adrenalectomized  dogs,  three  of them hounds from the  same  litter,
were used for the present studies. The dogs were  maintained on injections  of cortisol-
free  alcohol  (Cortef,  Upjohn  Co.,  Kalamazoo,  Mich.)  and  deoxycorticosterone  ace-
tate (Percorten,  Ciba  Pharmaceutical  Co.,  Summit, N.J.),  5  mg and  0.5  mg daily,
respectively. The injection of cortisol, but not that of deoxycorticosterone, was omitted
on  2  successive  days  before  blood  was  drawn  for  each  of  the  studies.  Experiments
were performed  on 80-100 ml of blood, drawn between  10 and  11:30 a.m., from each
dog once  a  week or  less frequently.  The animals remained  in excellent clinical  con-
dition,  with  constant  body  weight  throughout  the  studies,  only  slight reduction  in
food intake, and some apparent lethargy occurring as a result of withdrawal  of cortisol
administration  before  each  experiment.  Completeness  of adrenalectomy  was verified
by  the  finding  that the  plasma  17-hydroxycorticoid  concentration  (3)  was  zero  in
each of the six dogs in which this was measured  on the third morning after  stopping
cortisol  therapy.  Two dogs  died  after  the completion  of the  studies  and were  found
to  have no recognizable  adrenal tissue at autopsy.
Na Flux Determinations
The methods  used  for measuring  Na influx were  very similar  to  those  described  by
Spach  and Streeten  (1).  Before  each incubation,  '2NaCl, 20  uc/100 ml, and glucose,
125  mg  as a 5%  aqueous  solution,  were  added  to  the  80-100  ml  of freshly drawn,
heparinized  blood.  To 10 ml aliquots of the blood, pipetted into  15 ml beakers,  were
added  various volumes  of cortisol-free  alcohol  (40 #g/ml  dissolved  in 0.2%  ethanol
in  0.9%  NaCl)  and  enough  of a 0.2%  solution  of ethanol  in 0.9%  NaCl  to make
the  total  amount  of  ethanol  and  0.9%  saline  added  to  each  of the  beakers  equal.
The beakers were incubated  at 37°C for 2 hr, in a Dubnoff metabolic shaker, shaking
rapidly  enough  to prevent  settling  of the  formed  elements,  yet  not rapidly  enough
to  induce  hemolysis.  A  carefully  humidified  stream  of 5%  C02-95  %  oxygen  was
passed  through  the  beakers  throughout  each  study.  Approximately  1 ml  aliquots  of
blood were withdrawn from the  beakers through holes in the  stoppers,  every 20 min,
for  measurements  of  the  radioactivity  contained  in  0.1  ml  plasma,  in  a  well  type
scintillation  counter.  In  addition,  hematocrit  and  plasma  Na  concentration  (Auto-
Analyzer  flame  photometer,  Technicon  Instruments  Corp.,  Ardsley,  N.  Y.)  were
measured  before and  at the end of the  2 hr incubation  of the blood in each  beaker.
The absence  of significant hemolysis  at the end of the experiments  was evident  from
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before and  after the incubation,  of absorption of light at 416 mu  in a Coleman  spec-
trophotometer.
In  the  experiments  in which  Na  efflux from  the  erythrocytes  was  measured,  the
blood  drawn in  the  morning  was divided  into two  equal volumes,  the first  of which
was incubated  with 22NaCl  while the second  was incubated  with an equal volume of
nonradioactive  NaCl for 2 hr. The  cells from the  first of these halves, after centrifuga-
tion  and washing  once with  0.9 % NaCI solution,  were mixed with  the plasma from
the second  half and  then incubated  for 2 hr  in separate  10 ml  aliquots,  with added
glucose  and  cortisol,  as in the influx  experiments.  In the  efflux experiments,  aliquots
of  blood  were  removed  every  20  min  for  measurements  of  plasma  radioactivity;
hematocrit and  cellular Na concentration  were  determined  at 0 and  120 min  only.
Cellular Na  concentration was  measured  on samples  of cells,  washed  once  with 5 %
dextrose  solution,  and  centrifuged  in  capillary  tubes in which the  erythrocytes  were
separated from the leukocyte layer and the dextrose  solution by fracture of the tubes.
Weighed amounts of cells within these capillary  tubes were then hemolyzed in known
volumes of water for flame photometry.
Na influx and  efflux were  calculated  by the initial  slope method  of Sheppard  and
Martin (4),  using the formulae
-b  X  [plasma Na]  100 - hematocrit Na influx  =  X  X  60
PO  hematocrit
and
Na  efflux  =  -b  X  [RBC Na]  X  hematocrit  X  60
RBC0 100  - hematocrit
where  b was the slope  of the computed  regression of log plasma radioactivity
on time, and P0 and RBCo were the radioactivity concentrations in the plasma
and RBC's at zero time, respectively.
Previous  studies  on Na influx  from plasma  into  the cells of dog blood  (1)
have  shown good agreement  between results  obtained  by measuring  the rate
of disappearance  of radioactivity from the plasma and by measuring the rate
of  accumulation  of radioactivity  in  the  erythrocytes,  after  their  separation
from  the  other  formed  elements  of  the  blood.  For  this  reason,  the  fluxes
measured  in  the  present  studies  have  been  assumed  to  represent  Na move-
ments into and out of the erythrocytes.
Measurement of Glucose Metabolism
In a  series of experiments  on three of the  dogs, measurements  were  made of the glu-
cose  concentration  (AutoAnalyzer,  Technicon  Instruments  Corp.,  ferricyanide
method),  lactate  concentration  (AutoAnalyzer,  enzymic  procedure  with  dialysis),
and  pyruvate  concentration  (5)  on  aliquots  of whole  blood  obtained  at 0  and  120
min, from each of the  beakers.
The extent to which cortisol might affect the  metabolism of glucose via the hexose
monophosphate  shunt was evaluated  in  12  separate  experiments.  In  these studies  on
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blood from  the  same  dogs, 1 4CO2 production  was  measured  after  incubation  of the
blood  in sealed Warburg flasks, with tracer amounts of 1 4C1-glucose  and  14C2-glucose,
in the  presence and  absence of cortisol,  1000  g/liter. The radioactive  CO 2 produced
was  trapped in hyamine  and counted  in a Packard  liquid scintillation  spectrometer.
Determination  of A TP Content of Cells
In  four  of the  experiments,  blood  from  the  same  dog was  used  simultaneously  for
Na  flux studies  and for measurement  of the ATP content  of the erythrocytes,  before
and after  incubation  of the whole  blood  at 37C, for  2  hr, with  and without added
cortisol (1000  4tg/liter).  After the incubation,  the  cells  were separated  by centrifuga-
tion  and proteins  were  precipitated  with  perchloric  acid,  added  twice.  To 0.25  ml
aliquots  of  the  supernatant  were  added  known  excesses  of  glucose,  NADP,  hexo-
kinase, glucose-6-phosphate  dehydrogenase, and Tris buffer.  The amounts of NADPH
formed were read on a Beckman  DU spectrophotometer at 340 ml.  Since the amount
of ATP is rate limiting in the reactions  (1)  glucose  +  ATP - glucose-6-phosphate  +
ADP,  and  (2)  glucose-6-phosphate  +  NADP+ :±  6-phosphoglucono-b-lactone  +
NADPH  +  H+, the formation  of NADPH reflected  the ATP content  of the erythro-
cytes (6).  The mean recovery of added ATP  was 94.3 %.
Measurement of A TPase Content of Erythrocyte "Ghosts"
Blood from the same dogs was used for the measurement  of the effect  of added cortisol
on  the  adenosine  triphosphatase  (ATPase)  content  of  erythrocyte  membranes.  15
ml  of  freshly  drawn  blood  was  incubated  as  described  earlier  with  cortisol  (1000
,ug/liter)  or with  cortisol diluent.  After  incubation  the blood was centrifuged  in the
cold for 30 min.  3 ml of packed erythrocytes were hemolyzed  in 30 ml of cold EDTA
(0.0001  M) and the  membranes obtained by centrifugation  were subsequently washed
repeatedly in  cold buffer, pH  7.4,  which contained 0.0153 M  NaCI,  0.0001  M EDTA,
and  0.0017 M Tris. The  membranes  were  then incubated  at 370C, at pH  7.4,  for  2
hr  in  a  solution  containing  0.01 M Tris,  0.002 M sodium  ATP,  0.00125  M MgC1 2,
0.04 M  NaC1l,  0.02 M KC1, and  0.00025 M EDTA. The wash solution and  incubation
medium  used  have  been  described  by  Parker  and  Hoffman  (7).  The  amount  of
inorganic  phosphorus (Pi) produced  (8)  in  2 hr reflected  the  ATPase content  of the
erythrocyte  membranes.  The ATPase  content  of the  membranes  was related to pro-
tein  content,  which  was  determined  by  the  colorimetric  method  of  Folin-Lowry
after acid digestion.
RESULTS
Effect of Cortisol on Na Influx
The  mean rate  of Na influx  into the erythrocytes  of the  dogs studied  within
3 months  of adrenalectomy,  in the absence of added cortisol, was  7.9  0.63
(SEM)  mmole/liter RBC per hr.  No  consistent  or significant  effect of cortisol
was  evident  at  concentrations  of 50  ,ug/liter  or  less.  Between  cortisol  con-
centrations  of  150  and  1000  ,ug/liter  (0.4  X  10-6  and  2.7  X  10-6 M)  there
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response  relations  (Fig.  1).  At  cortisol  concentrations  between  1000  and
4000  Aug/liter,  linearity  of the  log  dose relations  was  lost.  The slopes  of the
log dose-response  curves in cells  obtained  from dogs  studied  within the  first
3 months after adrenalectomy  were considerably  steeper  than those  obtained
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FIGURE  1.  Changes  in Na  influx into canine  erythrocytes  with the  addition  of increas-
ing amounts  of cortisol  to the blood  in vitro. The log dose-response  curves,  computed
by  the  method  of least  squares,  were  steeper  in  blood  from  dogs  adrenalectomized
within  the  preceding  3  months,  "acute"  (A)  than  in  blood  from  animals  adrenalec-
tomized more  than 6  months  before,  "chronic"  (B),  as expressed  by slopes of 57.3  and
18.3, respectively. A:  Y  - -115  +  57.3 logx,  r  =  +0.907,  p  <  0.001.B:  Y  =  - 24.3
+  18.3  log x, r  =  +0.635, p  <  0.01.
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in studies  on the  cells of the same dogs  or of other dogs more than 6 months
after adrenalectomy  (Fig.  1 A,  cf. B).  Regression  analysis of the data showed
that  the  mean  slopes  of the  computed  log  dose-response  lines  were  highly
significantly  positive  (p  < 0.01)  in both groups of dogs,  and  that  there  was
no  evidence  of  significant  dog-to-dog  variability  in  slope.  The  mean  re-
gressions  for  the  "acutely"  and  the  "chronically"  adrenalectomized  dogs
were,  respectively,
A Na influx  =  -115  +  57.3  log [plasma cortisol],
A Na influx  =  -24.3  +  18.3 log [plasma cortisol].
In these equations,  A Na influx represents the percentage  change in Na influx
produced by the added cortisol  (compared with the simultaneously  measured
Na influx  in the absence  of added  cortisol),  and  [plasma  cortisol]  is the con-
centration  of cortisol added  to the  plasma, expressed  in /ug/liter.
Since  the  17-hydroxycorticoid  concentration  in the  plasma  obtained from
the dogs was zero  after withdrawal of steroid replacement  therapy for 3  days,
both in the first 3 months and as late as 1 yr after adrenalectomy,  the reduced
sensitivity of the erythrocytes  to the effects of cortisol  on Na influx more than
3  months  after  adrenalectomy  did  not  result  from  regeneration  of adrenal
tissue.
In  several  of the experiments  the pH of the blood  rose  slightly during the
2  hr incubation.  This change  was  unaffected  by the  presence  or absence  of
cortisol.
Effects  of Glucose Deprivation
Glucose deprivation  of the  cells was accomplished  by prior incubation of the
blood at 37°C for  16 hr. This reduced  plasma glucose concentration  to levels
usually  undetectable  and  always well  below  2.0 mg/100  ml.  In the  absence
of added cortisol, Na influx was unchanged  by glucose deprivation,  the mean
rates  of Na  influx  in  nine  experiments  on  five  dogs  being  8.13  and  7.76
mmole/liter RBC per hr in the presence  and absence  of glucose  respectively
(Table  I).  However,  the  addition  of cortisol  to blood  after glucose  depriva-
tion  of  the  cells  had no  effect  on Na  influx.  That  this  loss  of the  effects  of
cortisol did not result from permanent  damage to the cellular  ability to take
up  more  Na  was  shown  by  the  restoration  of  the  characteristic  action  of
cortisol  when  the  glucose  concentration  of  aliquots  of  the  same  glucose-
deprived  blood  was  raised  to  approximately  125-150  mg/100  ml,  by  the
addition  of glucose before  the flux measurements  (Fig. 2).
Effects  of 2-Deoxyglucose
The  addition  of  2-deoxyglucose  to  produce  a plasma  concentration  of 6.6
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TABLE  I
EFFECTS  OF  GLUCOSE  DEPRIVATION  ON  Na  INFLUX  INTO
ERYTHROCYTES  OF  FIVE DOGS,  IN  ABSENCE
OF  ADDED  CORTISOL
(millimoles  per  liter RBC  per hour)
Blood  glucose  Blood  glucose
Dog  Expt. No.  150-165  mg/100 ml  <2 mg/100 ml  Difference
6  1  9.2  9.5  +0.3
2  10.6  9.6  --1.0
3  9.2  8.3  -0.9
10  1  7.2  6.5  -0.7
2  8.1  6.8  -1.3
5  1  9.8  8.2  -1.6
4  1  7.3  6.8  -0.5
7  1  5.6  7.6  +2.0
2  6.2  6.5  +0.3
Mean  8.13  7.76  --0.38
SE  -4-0.37
p  N.S.
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FIGURE  2.  Effects  of reducing blood glucose  concentration,  by incubation  overnight,  on
the  acceleratory  action  of cortisol  on  Na  influx  into  erythrocytes  of three  adrenalec
tomized dogs.  When plasma  glucose  concentration was  <2.0 mg/100  ml, cortisol  failed
to increase  Na influx  (solid lines, solid  circles),  but when  the plasma glucose  concentra-
tion  was  restored  to  normal  by  the  addition  of glucose  to  simultaneously  incubated
blood, cortisol regained  its stimulatory  effect on Na influx (broken  lines, open  circles).
Dog  2
100  500  1000
352D.  H.  P.  STREETEN  AND  A.  M.  MOSES  Cortisol and Na Transport in Erythrocytes  353
(mean  Na  influx  without  2-deoxyglucose,  8.55;  mean  with  2-deoxyglucose,
8.74  mEq/liter RBC per hr; see Table II). However,  2-deoxyglucose  greatly
reduced  or  abolished  the  accelerating  action  of  added  cortisol  which  was
evident  in the blood  within the control flasks simultaneously  incubated with-
out 2-deoxyglucose  (Fig.  3).
TABLE  II
EFFECT  OF  2-DEOXYGLUCOSE  ON Na  INFLUX  INTO
ERYTHROCYTES  OF  THREE  DOGS,  IN  ABSENCE
OF  ADDED  CORTISOL
(millimoles  per liter RBC  per hour)
Without  With
Dog  Expt.  No.  2-deoxyglucose  2-deoxyglucose  Difference
2  1  8.8  10.4  +1.6
7  1  7.7  6.2  -1.5
2  7.1  8.0  +0.9
3  9.2  10.2  +1.0
4  10.4  7.5  -2.9
5  6.0  9.2  +3.2
10  1  9.6  10.5  +0.9
2  7.0  6.7  -0.3
3  9.6  9.3  -0.3
4  10.1  9.4  -0.7
Mean  8.74  8.55  +0.19
SEM  40.54
p  N.S.
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FIGURE  3.  Abolition  by  2-deoxyglucose  of  the  cortisol-induced
into erythrocytes of an adrenalectomized  dog.
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Effects  of Cortisol on Glucose Utilization by  the Cells
Measurement  of  the  glucose  concentrations  in  the  blood  of three  recently
adrenalectomized  dogs  before  and  after  2  hr incubations  in  the  absence  of
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FIGURE  4.  Effects  of increasing concentrations  of added cortisol  on  (A)  glucose  utiliza-
tion  by  and  (B)  Na influx  into erythrocytes  of three  recently  adrenalectomized  dogs.
The tendency for the enhancement of Na influx and the enhancement  of glucose  utiliza-
tion to fall off at plasma cortisol concentrations  above  1000  ug/liter  is evident. A: Glu-
cose  utilization  =  1.726  +  0.227  log [plasma cortisol],  r  =  +0.989,  p  < 0.02.  B:  Na
influx  =  -4.76  +  5.84  log [plasma cortisol],  r  =  0.992, p  < 0.001.
added  steroids  showed  that  glucose  utilization  varied  from  1.21  to  2.87
mmole/liter RBC per hr, with mean values of 1.90, 2.60,  and 1.94 mmole/liter
RBC per hr for the three dogs.  Addition of cortisol to the blood  increased the
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response  relations  (Fig.  4).  The  equation  which  expressed  this relationship,
when  150  g/liter  < [plasma  cortisol]  <  1000  Mg/liter,  was:
Glucose  utilization  =  1.726  +  0.227 log [plasma cortisol],
where  glucose  utilization  was  expressed  in  mmole/liter  RBC  per  hr  and
[plasma cortisol]  in  g/liter.  The similarity between  the effects of increasing
plasma  cortisol  concentrations  on  glucose  utilization  and  on  Na  influx  in
cells  from the same  dogs is evident  from the figure.  When  the Na influxes at
all  plasma  concentrations  of  cortisol  between  150  and  1000  g/liter  were
related  to  the  simultaneously  measured  rates  of  glucose  utilization  by  the
FIGURE  5.  Relation  between  the  rate  of  erythro-
cyte  glucose  utilization  and  the rate  of Na  influx
into  erythrocytes  of  three  recently  adrenalec-
tomized  dogs  (Nos.  7,  8,  9).  Y  =  - 36.32  +
20.5  x, r  =  +0.8
61, p  < 0.02.
RBC  GLUCOSE  UTILIZATION,
mmole/liter  RBC per hr
same  cells,  a  correlation  was  found  (r  =  +0.861)  which was  significant  for
the  three  dogs  as  a  group  (p  <  0.02)  and  was  expressed  by  the  equation
Na influx  =  -36.32  +  20.5(RBC  glucose utilization)
where Na  influx  and glucose  utilization  were  both expressed  in mmole/liter
RBC per hr  (Fig. 5).
Erythrocytes  incubated  in  the  absence  of cortisol  and  with  4C-glucose
metabolized  0.110  i  0.009  (SEM)  mmole glucose per liter RBC per hr through
the  hexose  monophosphate  shunt  as  determined  from  '4CO 2 production.
With  added  cortisol  (1000  g/liter)  this  was  unchanged  at  0.115  4t  0.008
mmole  glucose per liter RBC  per hr.  When  the erythrocytes  were  incubated
with  4C2-glucose,  the  mean  amount  of  radioactive  glucose  metabolized
through the shunt was 0.018  0.005 mmole/liter RBC per hr in the absence
of added cortisol,  and 0.018  4- 0.006 mmole/liter RBC per hr in the presence
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Efects of Cortisol on Lactate and Pyruvate Production
In  the  absence  of  added  steroids,  the  mean  rates  of lactate  production  for
the individual dogs were 3.62,  3.82, and 3.60 mmole/liter RBC per hr with a
mean value of 3.68 mmole/liter RBC per hr for the three dogs.  There was  a
significant  log  dose-related  increase  in  lactate  production  with  increasing
doses  of  cortisol  (150-1000  M#g/liter)  added  to  the  plasma  (r  =  +0.896,
TABLE  III
MEAN  EFFECTS  OF  CORTISOL  ON  GLUCOSE  UTILIZATION
AND  LACTATE  PRODUCTION
(millimoles  per liter RBC  per hour)
Plasma  cortisol
concentration, lag/liter  0  150  300  600  1000  2000  4000
Mean  glucose  utilization  2.15  2.19  2.25  2.35  2.37  2.33  2.28
Mean  lactate  production  3.68  3.85  4.12  4.16  4.20  3.89  3.75
Lactate  production/glucose  1.71  1.76  1.83  1.77  1.77  1.67  1.64
utilization
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FIGURE 6.  Effect of increasing  concentrations  of added  cortisol  on  the  lactate  produc-
tion of the erythrocytes  of three recently adrenalectomized  dogs  (Nos.  7,  8,  9).  Lactate
production  = 3.17  +  0.35  log  [plasma cortisol],  r  =  +0.9
4 7,p  < 0.005.
p  <0.01)  (Table  III),  which  was  described  by the equation
Lactate  production  =  3.17  +  0.35 log [plasma cortisol]
where lactate production  is in mmole/liter RBC per hr, and [plasma cortisol]
is  the concentration  of cortisol  in the  plasma,  expressed  in /ug/liter (Fig.  6).
In  dogs  7  and  10,  the  mean  pyruvate  production  in  the  absence  of  added
steroid was 0.05 and 0.08 mmole/liter RBC per hr, respectively.  The amount
of glucose  metabolized  to pyruvate  was,  thus,  far less  than that metabolized
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all the way to lactate in these  cells. There was no effect of the plasma cortisol
concentration  on  the  ratio  lactate  production/glucose  utilization,  which
varied between  1.64 and  1.83  (Table III).
Effects of Cortisol on A TP Content of Cells
In the  absence  of added  cortisol,  incubation  for  2  hr of the  blood  obtained
from two dogs adrenalectomized  1 yr before resulted in a decrease in cellular
TABLE  IV
ATPase  CONTENT  OF  RBC  "GHOSTS"
(micrograms  Pi  produced per milligram  protein per 2  hours)
Dog  Control  With  cortisol
6  6.2  6.0
6  9.5  10.8
5  8.4  9.9
5  5.2  4.9
5  9.3  8.9
11  6.5  6.7
11  5.6  5.3
11  5.0  5.8
Mean  6.96  7.29
SEM  4-0.65  4-0.80
p  N.S.
20 x2
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FIGURE  7.  Lack  of  effect  of
added  cortisol  on  the  efflux  or
Na  from  erythrocytes  of  three
recently adrenalectomized  dogs.
10  100  1000
PLASMA  CORTISOL  CONCENTRATION,  p/g/liter
ATP  content from 0.494  4  0.022  (mean  4  SEM)  to 0.406  4  0.028  mmole/
liter  RBC  in  nine  separate  experiments.  When  cortisol  was  present  (1000
/g/liter),  the ATP content  of the cells decreased  during the incubation  from
0.496  +- 0.020 to 0.433  0.029 mmole/liter RBC. The change in ATP con-
centration  during  incubation  was  therefore  -0.088  +t  0.014  mmole/liter
RBC per  hr without added  cortisol  and  -0.063  0.018 mmole/liter  RBC
per hr with  added  cortisol.  These  differences  in  ATP  concentration  which
occurred during incubation  were not significant.THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  VOLUME  52  1968
Effect  of Cortisol on  A TPase Content of RBC "Ghosts"
In the absence of cortisol the RBC "ghosts"  produced a mean of 6.96  - 0.65
(SEM)  $zg  Pi  per mg membrane  protein per 2 hr incubation.  In the  presence
of cortisol  this  figure  was  7.29  0.80,  indicating  no  significant  effect  on
membrane ATPase, in an incubating medium which contained both Na and
K (Table  IV).
Effects  of Cortisol on Na Efflux
None  of  the  plasma  cortisol  concentrations  used  changed  erythrocyte  Na
efflux significantly from control levels  (Fig.  7).
DISCUSSION
The  present  experiments  have  shown  that  cortisol  caused  a  consistent  log
dose-related  acceleration  of  Na  influx  into  the  erythrocytes  of  adrenalec-
tomized  dogs,  without  any effect  on  Na efflux.  This  action  of cortisol  was
evident at concentrations  of the steroid  (150-1000  ug/liter)  within the range
which  would  be  expected  to  occur  in  the  plasma  during  mild  and  severe
stress  in the  intact  animal.  Thus,  the  release  of cortisol  under  physiological
and  pathological  conditions  would  be  expected  to  enhance  the  rate  of Na
influx into  the erythrocytes  by up to 60%.
The mechanism whereby  cortisol  accelerates  Na  influx appears  to involve
enhancement  of  glycolysis.  Thus,  glucose  deprivation  or  the  presence  of
2-deoxyglucose  prevented  the  action of cortisol  on Na flux,  whereas  the  ad-
dition  of cortisol  in  the  presence  of adequate  amounts  of glucose  produced
parallel  dose-related  increases  in  glucose  utilization  and  Na influx.  The  ac-
celerated  glucose  utilization  was  associated  with  increased  lactate  pro-
duction,  without  significant  changes  in  the  amount  of  glucose  which  was
metabolized  through  the  hexose  monophosphate  shunt.  The mean  increase
in the rate of glycolysis caused  by  1000  g/liter  of cortisol (from 2.15  to 2.37
mmole/liter  RBC  per  hr)  presumably  increased  erythrocyte  production  of
ATP  from 4.08  to 4.50  mmole/liter  RBC  per  hr  (Table  V).  Since,  despite
this steroid-induced  increase  in ATP production by the cells,  cortisol  caused
no  significant  change  in the ATP content  of the  erythrocytes  after  incuba-
tion,  it  may  be  inferred  that  ATP  utilization  was  increased  by  cortisol.
An  indication  of  the  relation  between  the  effects  of  cortisol  on  glu-
cose  utilization  and  on  Na  influx  in  the  erythrocytes  may  be  obtained
by  correlating  the  mean  cortisol-induced  changes  in  these  two  param-
eters  at  each  plasma  concentration  of  cortisol.  There  was  a  highly
significant  correlation  between  the cortisol-induced  changes  in glucose  utili-
zation and in Na influx  (r =  +0.945, Fig  8). From this relation it is evident
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that cortisol  (1000  /Ag/liter) enhanced  Na  influx  by  14.7  mmole/liter  RBC
per hr for each  1 mmole/liter  RBC per hr. increment in glucose  utilization.
Thus, the maximal changes  produced by cortisol  were associated with a ratio,
Na  influx/ATP  produced,  of approximately  8.7.  Whether  the enhancement
TABLE  V
MEAN  OBSERVATIONS  AND  DERIVED  ESTIMATES  ON  THREE
DOGS  RECENTLY  ADRENALECTOMIZED
(millimoles  per liter RBC  per hour)
Without  With  cortisol
cortisol  (1000  ig/liter)
Total glucose  utilization  2.15  2.37
Glucose utilization  via shunt  0.11  0.12
Glucose utilization  via glycolysis  2.04  2.25
ATP produced  4.08  4.50
Change  in  ATP concentration  in  RBC  -0.09  -0.06
ATP  utilized  4.17  4.56
. 4.0
rn
- 3.0
E
E 2.0
n
0
MEAN  OF  3  DOGS
O  0.02  0.04  0.06  0.08  0.10  0.12  0.14  0.16  0I8  0.2  0.2I
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FIGURE 8.  Plot of the mean  changes  in  glucose  utilization  vs. the mean  changes  in  Na
influx into erythrocytes of three recently adrenalectomized  dogs (Nos. 7, 8, 9),  at plasma
cortisol concentrations  of  150,  300,  600,  1000,  2000,  and  4000  ug/liter.  A  Na influx  =
14.7  (A  glucose utilization)  +  0.27,  r  =  +0.945,  p  <  0.005.
of Na  influx resulting  from the action of cortisol  was  the cause or the  result
of the  increased  energy  consumption  implied  by these  observations  has  not
been determined.
All these findings  strongly suggest that the process of Na influx  into canine
erythrocytes  is not merely one  of passive diffusion,  but is  closely  linked  with
the  source  of  energy  derived  from  glycolysis.  Unfortunately,  the  precise
nature  of Na  transport between  the  plasma  and the  erythrocytes  of dogs  is
poorly  understood.  It is  well known that the Na concentration is only slightly
lower  in  erythrocytes  (mean  128.3  mmole/liter  in  the  present  series)  thanTHE  JOURNAL  OF  GENERAL  PHYSIOLOGY  VOLUME  52  1968
in the plasma of dogs (9-11).  Although Na movements  in canine erythrocytes
have not been considered by other authors to be entirely passive, the existence
of  an  Na-K  "pump"  in  these  cells  has  been  somewhat  doubtful.  Thus,
strophanthin-  or  ouabain-sensitive,  Na-K-activated  ATPase  is  present  in
only small quantities  in canine  red  cells  (11,  12).  However,  like  cat erythro-
cytes,  canine red  blood cells show high rates of Na loss even in the absence  of
external  Na,  and these high rates  of Na efflux are inhibited by low  tempera-
tures and pH changes  (11,  13).  Even though cation transport  in dog erythro-
cytes  cannot  be  explained  on  the  basis  of  conventional  concepts  of "active
pump"  and  "leak,"  the  marked  temperature  dependence  of Na  transport
appears  to  indicate  that it  depends,  at  least  in  part,  upon  some metabolic
activity of the cells  (1  ).
The  present  findings  suggest  that  the  process  of Na  influx  into  dog  red
blood  cells  comprises  two  distinct  components.  The  first  of these,  which  in
the absence  of added  cortisol  averaged  between  7.9 and  8.7 mEq/liter  RBC
per hr under  various  conditions  in the  present experiments,  appeared  to re-
sult from a passive  process,  presumably diffusion  down  the slight  concentra-
tion  gradient  from  plasma  into  erythrocytes.  This  process  occurs  equally
well  in the  absence of glucose,  and in the  presence  of an  agent  (2-deoxyglu-
cose)  which competitively  inhibits glycolysis.  It  does not require the presence
of cortisol  in the  plasma and  is not  influenced  by the  addition  of cortisol  to
the blood.  The second  component  requires  the  presence  of active  glycolysis
and  indeed  appears  to  be  driven  by  the  energy  derived  from  glycolysis,  if
and when  cortisol  is  simultaneously  present  in  the blood.  The rate at which
Na  influx  actually  takes  place  into  the  erythrocytes  of  dogs  treated  with
mineralocorticoid  is  greater  than  the  "basal"  passive  component,  by  an
amount  which  appears  to  be  a  function  of  the  concentration  of cortisol
present  in  the  plasma,  within  the  approximately  physiological  range  from
150  to  1000 /g/liter.
Since  aldosterone  has been  shown  in physiopathological  concentrations  to
retard Na influx  (1),  it  seems likely  that the  opposite  actions  of cortisol  and
aldosterone  may  play  an important  role in  controlling  the rate  of Na  influx
into  the erythrocytes  of the  dog.  The possibility  is  supported  by  the finding
that the mean rate  of Na influx into erythrocytes  was  7.9 mmoles/liter  RBC
per hr in cortisol-deficient  dogs,  22.3 mmoles/liter cells per hr in aldosterone-
deficient  dogs  (1),  and  13.9  mmoles/liter  cells  per  hr  in  normal  dogs  (1).
Thus,  the Na influx  into the  erythrocytes  of intact  dogs  might well reflect  a
balance  between  the  opposing  effects  of the  predominant  adrenal  corticoids
on  the  energy-dependent  component  of Na movement  into  these  cells.  The
actions  of cortisol  and  aldosterone  on  Na  influx,  unopposed  as  they  are  by
any measurable  action  of Na efflux,  would  be  expected  to  produce  changes
in red cell Na content.  Such changes  might not be accompanied by significant
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changes  in Na  concentration  because  of  concomitant  movements  of water
between the cells and the plasma.
The present  studies have  shown no effect  of cortisol  on ATPase  concentra-
tions in the erythrocyte membranes.  These findings would suggest that mem-
brane  ATPase  has  no  significant  role  in  the  control  of Na  influx  in  canine
erythrocytes,  a conclusion  consistent with  the published  evidence  that in  the
dog,  red  cell  ATPase  is  not  activated  by  Na+ or  K+ and  is  unaffected  by
ouabain  (12).  Thus,  although Na influx  into canine  erythrocytes  appears  in
part to be energy dependent,  it cannot be explained  in terms of ATPase  ac-
tivity. Instead,  the evidence suggests that Na efflux and the energy-dependent
component  of Na  influx  are  independently  variable  processes  in  these  dog
cells and might be mediated by separate  "carriers."  The postulated "carrier"
for Na efflux  might  operate  independently  of plasma  steroid  concentration,
while that for Na influx would be controlled,  at least in part, by plasma levels
of adrenal  corticoids. Aldosterone  might inhibit the function  of the "carrier"
which  subserves  Na  influx,  while  cortisol  might  accelerate  its  activity  by
increasing the energy supply,  via enhanced  glycolysis.
Several  recent  publications  have  drawn  attention  to  the  induction  of
enzyme synthesis as the mechanism of action of steroid hormones on Na trans-
port  in the  toad  bladder  (14)  and  in other  biological  systems  (15,  16).  The
present and previous experiments  (1) conducted  on anucleate cells, which  are
presumably  incapable  of  making  new  protein,  have  revealed  significant
changes in Na influx within 20 min of the exposure of the tissue to the steroid,
clearly  indicating  an  entirely  different  mechanism  of action  of cortisol  and
aldosterone on Na transport in dog red blood cells.
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